In the plant pathogen Xanthomonas campestris pv. campestris, fructose is transported by a specific phosphotransferase system (PTS). This PTS involves a multiphosphoryl transfer protein (MTP) encoded by the h f B gene, which was cloned and sequenced. fnrB is part of a transcriptional unit together with the fmK gene, coding for 1-phosphofructokinase, which is located upstream from the f N A gene, coding for the fructose-specific permease (EIIB'BCFN). The amino acid sequence of the X. campestris MTP deduced from the fruB sequence shared 46% identical residues with an MTP identified in Rhodobacter capsulatus. The X. campestris MTP (837 amino acid residues) consists of three moieties : a fructose-specif ic enzyme-IIA-like N-terminal moiety (residues 1-la), followed by an HPr-like moiety (161-251) and an enzyme-I-like Cterminal moiety (274-837). The three domains are separated by two flexible hinge regions rich in proline and alanine residues. The construction of a fmB mutant confirmed the role of the MTP in fructose transport and phosphorylation in X. campestris.
INTRODUCTION
The phytopathogenic Gram-negative bacterium Xanthomonas campestris pv. campestris has the property of secreting large quantities of an exopolysaccharide, xanthan gum (Jeanes e t al., 1961) , used in a variety of industrial and food applications (Sutherland & Ellwood, 1979) . The study of carbohydrate metabolism in this organism is of great interest, for the understanding of both xanthan gum biosynthesis and the mechanisms of plant colonization by the pathogen. We have previously shown that fructose is transported in this bacterium by a phosphoenolpyruvate-(PEP-)dependent phosphotransferase system (PTS) which, using PEP as the energy source, catalyses the transport and phosphorylation of fructose to yield intracellular fructose 1 -phosphate (De t Present address: Unite de Biochimie Microbienne, lnstitut Pasteur, 75724 Paris cedex 15, France.
Abbreviations: DTP, diphosphoryl transfer protein; MTP, multiphosphoryl transfer protein; PEP, phosphoenolpyruvate; 1-PFK, 1-phosphofructokinase; PTS, phosphotransferase system. The EMBL accession number for the sequence reported in this paper is 2371 13 xamtp. Crky-Lagard et al., 1991 b) . Bacterial PTSs are complex, including membrane-bound-sugar specific components called Enzymes 11. Enzymes I1 consist of three domains that can be either fused together or free: one integral membrane carbohydrate recognition component, EIIC, and two cytoplasmic components, EIIB and EIIA (Saier et al., 1988 ; Saier & Reizer, 1992) . The phosphoryl group is transferred from PEP to the EIIs by two general components, Enzyme I (EI) and HPr. The phosphate transfer cascade from PEP to the PTS sugar can be summarized as follows : EIIC PEP -+ EI -P + HPr -P+ EIIA -P -+ EIIB -P + sugar -P The X . campestris frzlA gene, encoding the fructosespecific permease (EIIB'BCFrU), and the fruK gene, encoding the 1 -phosphofructokinase (1 -PFK) which contributes to further metabolism of fructose, have been cloned and sequenced (De Crky-Lagard e t al., 1991a, b 
V. D E C R E C Y -L A G A R D a n d O T H E R S
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METHODS
Bacterial strains, plasmids, media and growth conditions.
The X . campestris strains used were the wild-type strain NRRL B1459 (Jeanes et al., 1961) and XC1504 y;.tl-2: : Omegon-Km) (De Crtcy-Lagard et al., 1991b (Messing & Vieira, 1982) were employed. DNA sequencing was conducted using the T7 sequencing kit from Pharmacia. Universal primers were first used and subsequently primers were synthesized according to the sequence obtained in previous sequencing reactions. The synthetic oligonucleotides were furnished by the Service de Chimie organique, Institut Pasteur.
Construction of mutant X. campestris strains XC1509 and XC1510. A SmaI site situated 842 bp downstream from the putative start codon of the frtlB gene was used for the inactivation of the gene by insertional mutagenesis. A 1.2 kb BamHI-HincII fragment containing an internal portion of the frtlB gene was cloned in the corresponding sites of pBSK', yielding plasmid pDIA4838 (Fig. 1 b) , 1990, 1991) .
The sequence of a 2623 bp DNA fragment located upstream from thefruK gene was therefore determined on both strands following the sequencing strategy outlined in Fig. l Preceding the initiation codon, potential -10 and -35 regions were identified according to the E. coli standard promoter sequences. The two potential promoter sequences are separated by a 16 bp palindrome that could act as a regulator site. Since in X . campestris fructose PTS activity is induced by fructose (De Crkcy-Lagard et al., 1991b) , regulation of the expression of the frzi genes through this site is probable. It is interesting that the sequence of this palindrome differs from that of the 12 bp palindrome which was shown to serve as the FruR binding site in the frzj operon of S. t_yphimzcritlm and E. coli (Ramseier et al., 1993) . FruR is a pleiotropic transcriptional regulatory protein which negatively controls the expression of thefrzl operon in enteric bacteria (for a review see Postma et al., 1993) . At the beginning of the sequenced fragment a short ORF of 40 nucleotides was identified following the rules described by Sheperd (1981) , suggesting the presence of a coding sequence upstream from the first one.
The deduced amino acid sequence of the first coding sequence is shown in Fig. 2 . A striking similarity (46% identical residues) was found between the sequence of this 837 amino acid protein and the sequence of the R. capsdatzcs MTP protein encoded by thefrzlB gene (Wu e t al., 1990) . These results indicated that in X . campestris, like in R. capszilatus, a gene encoding an MTP is located upstream from thefrzK gene.
Comparison of the X. campestris MTP domains to known PTS enzymes
Amino acid sequence comparisons indicate that the X . campestris MTP consists of three moieties (Fig. 3) . The Nterminal moiety (residues 1-148) is homologous to the EIIAFrU domains of the R. capsdattls MTP and of the DTP proteins of E. coli (Reizer e t al., 1994b) and S. typhimtlrimz (Geerse et al., 1989 LiCalsi et al., 1991) .
The PTS Enzymes I1 have been classified into four major groups (Lengeler et af., 1990; Postma et al., 1993) . As shown in Fig. 4 , the EIIAFrU domain of the X . campestris MTP clearly belongs to the EIIAMt' subclass. The homology found between the N-terminal sequences of the E. coli EIIAMt' and the X . campestris MTP confirms the choice of the frtrB starting codon. Nine members of this EIIA subclass have now been sequenced, and sequence comparisons can therefore provide evidence concerning potentially important structural and catalytic residues. We did not include the sequences of the recently discovered EIIFrVA and EIIAAni domains (Reizer e t al., 1994a; Saier & Reizer, 1994) as it is not known if these proteins have a role in sugar trans ort in E. coli. The main conserved motif of the EIIAgt', A-PH, is found around His6' (referring to residue numbers of the protein alignment presented in Fig. 4) , which has been shown to be phosphorylated in the E. coli enzyme (Van Weeghel e t al., 1991) . The role of the other conserved residues (Fig. 4) may become clear once the three-dimensional structure of the E. cofi EIIAMt' domain is resolved (Kroon et al., 1993) .
EIIAFrU domains from four organisms have now been sequenced. Only four residues are conserved in all EIIAFrU domains and absent in the EIIAMt' domains (Gln2', Arg75, Gly" and Ser'") whereas two residues are conserved in all EIIAMtl domains and are absent in the EIIAFrU domains (Ala4' and Asp/Glu''). These residues could be involved in specific interactions with the EIIBCFrU and EIIBCMtl domains respectively.
A number of HPr proteins have now been sequenced and it is interesting to note that the three-dimensional structural data and mutagenesis studies have confirmed the role of the residues that are highly conserved amongst these sequences. Four possible catalytic residues are conserved in all the compared sequences including the MTP sequence of X . campestris: A I~' '~, Ser206 and.
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-10 Asp22g (numbers refer to the position in the X . campestris MTP sequence) (data not shown). the phosphorylation site (Beyreuther e t al., 1977) , and Arg17' are part of the active site (Herzberg e t al,, 1992) . Ser206 is phosphorylated in an ATP-dependent manner only in Gram-positive bacteria (Reizer e t al., 1989) . Mutating Asp22g significantly reduces PTS activity (Sharma et al., 1991) and as this residue is located on an outer flexible loop (Herzberg e t al., 1992) , it could be involved in interactions with the EIIA domains. The HPr domain of DTP can substitute for HPr in E. coli and 5. tJphimtlrizm (Geerse e t al., 1986; Waygood, 1980) . No sequence specificity could be detected in the fructose HPr-like proteins since no residues conserved only in these proteins and not in the general HPr proteins could be identified. However, whereas in general HPr proteins are acidic in nature (PI 4.0-5.6) it is noteworthy that the X . campestris HPr domain has a very high isoelectric point (PI 10.6) like the R. capstllattls and E. coli fructose-inducible HPr domains (PI 9-9-1 0-2) and the Mfcoplasma capricoltlm HPr (PI 9.18) (Zhu e t al., 1993) .
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Eight Enzyme I proteins have been sequenced and a remarkable degree of conservation between enzymes of very diverse origins can be noticed. Local similarities of Enzyme I proteins with the pyruvate : orthophosphate dikinase (PPDK) of maize (Pocalyko e t al., 1990) , 1994b) . For the EIIAMfl domains: f. c., E. coli (Lee & Saier, 1983) ; E. f., Enterococcus faecalis (Fischer et a/., 1991) ; 5. c., Staphylococcus carnosus (Fischer et a/., 1989) ; 5. m., Streptococcus mutans (Honeyman & Curtiss, 1992) . f . c Cmt is the sequence of the cryptic mannitol permease identified by Sprenger (1993).
permitted the identification of two conserved regions : one surrounding His460 (referring to the X . campestris MTP sequence), which is the phosphorylated residue in Enzyme I (Meadow etal., 1990) , and the second being the potential PEP-binding site (amino acids 692-730) ; Gagnon e t a/., Reizer e t al., 1993) . These conserved motifs are also found in the X . campestris MTP sequence (data not shown).
Several authors have suggested that fusion and dissociation of protein domains must have occurred frequently during the evolution of PTS proteins (Wu e t al., 1990; Postma e t al., 1993) . The PTS protein domains are often separated by general linkers, Q linkers and Ala/Prorich hinges (Erni etal., 1987; Wu etal., 1990; Postma etal., 1993) . We observed that the three X . campestris MTP moieties are separated by two linkers (Fig. 2) . The nucleotide sequences of these linkers are GC-rich (80 mol%) compared to the surrounding sequenced region (70 mol%), and rich in Ala, Pro and charged residues. The two linkers of the X . campestris MTP are not homologous and differ from the R. capsnlatns MTP linkers. We propose that the absence of structural constraint in these regions explains the incorporation of a higher percentage of G and C residues in first and second codon positions in organisms of high GC content. The consequence is a high number of Ala and Pro residues which, by their flexibility, happen to be good linker region residues.
Construction and characterization of an X. campestris fruB mutant
The SmaI site situated 842 bp downstream from the putative start codon of thefrnB gene (Fig. 2) was used for the inactivation of the gene by insertional mutagenesis and the frHB::KanR strain XC1509 was constructed as described in Methods. Like the f r n A mutant (strain XC1504) isolated in previous studies (De Crkcy-Lagard e t al., 1991b) , strain XC1509 grew normally on glucose but failed to grow on fructose, mannose, mannitol or sucrose (minimal medium agar plates supplemented with 0.2 % of the carbon source). The absence of growth on fructose was not surprising but as mannose, sucrose and mannitol did not seem to be sugars taken up by the PTS in X . campestris, the inability of afrnA orfrzlB PTS mutant to utilize these carbon sources was unexpected. We previously proposed that this phenotype was due to the fact that these carbon sources were transformed into fructose after their uptake into the cell and that intracellular fructose is in X . campestris partly metabolized through the PTS (De Cricy-Lagard e t a/., 1991b). It has been confirmed recently that mannose is indeed transformed into fructose in X . campestris by an isomerase (Harding e t al., 1993) . less efficient than that in wild-type cells (Table 1) . Since frtlK is immediately adjacent to fruB, the insertion of a KanR gene infrtlB was expected to exert a polar effect on frzlK. 1-PFK activity was therefore measured in strain XC1509. No 1-PFK activity could be detected in XC1509 cells when an activity of 0.234 pmol min-' (mg protein)-' was found in the wild-type cells. The KanR gene insertion in thefrzrB gene was thus polar on the downstreamfrzlK gene. It is highly probable that the two genes are in the same transcriptional unit and subject to translational coupling, as seems to be the case for the equivalent genes in E. coli and R. capszclattrs (Jones-Mortimer & Kornberg, 1974; Wu etal., 1991) . However, it seems unlikely that the pts phenotype of the frtlB insertional mutant is due to a polar effect on the downstreamfrtrK gene. We also do not favour the hypothesis that the phenotype of t h e f r d insertional mutant is due to a polar effect on the distal f r~A gene, for the following reasons. We have shown previously that an X . campestrisfrgA null mutant could be complemented in trans by a DNA fragment containing the 3'-end of the f r d gene, the 120 bp intergenic region and thefruA gene cloned in a broad-
